Opioid-coded neural circuits play a substantial role in how individuals respond to drugs of abuse. Most individuals begin using such drugs during adolescence and within a social context. Several studies indicate that adolescent mice exhibit a heightened sensitivity to the effects of morphine, a prototypical opiate drug, but it is unclear whether these developmental differences are related to aspects of motivated behavior. Moreover, exposure to opioids within the rodent brain can alter the expression of social behavior, yet little is known about whether this relationship changes as a function of development or genetic variation. In this study, we conducted a series of experiments to characterize the relationship between genetic background, adolescent development and morphine-induced changes in mouse social investigation (SI). At two time points during adolescent development [postnatal days (PD) 25 and 45], social interactions of test mice of the gregarious C57BL/6J (B6) strain were more tolerant to the suppressive effects of morphine [effective dose 50 (ED 50 ) = 0.97 mg/kg and 2.17 mg/kg morphine, respectively] than test mice from the less social BALB/cJ (BALB) strain (ED 50 = 0.61 mg/kg and 0.91 mg/kg morphine, respectively). By contrast, this strain-dependent difference was not evident among adult mice on PD 90 (ED 50 = 1.07 mg/kg and 1.41 mg/kg morphine for BALB and B6 mice, respectively). An additional experiment showed that the ability of morphine to alter social responsiveness was not directly related to drug-induced changes in locomotor behavior. Finally, administration of morphine to stimulus mice on PD 25 reduced social investigation of test mice only when individuals were from the B6 genetic background. Overall, these results indicate that alterations in endogenous opioid systems are related to changes in SI that occur during adolescence, and that morphine administration may mimic rewarding aspects of social encounter.
Opioid-coded neural circuits play a substantial role in how individuals respond to drugs of abuse. Most individuals begin using such drugs during adolescence and within a social context. Several studies indicate that adolescent mice exhibit a heightened sensitivity to the effects of morphine, a prototypical opiate drug, but it is unclear whether these developmental differences are related to aspects of motivated behavior. Moreover, exposure to opioids within the rodent brain can alter the expression of social behavior, yet little is known about whether this relationship changes as a function of development or genetic variation. In this study, we conducted a series of experiments to characterize the relationship between genetic background, adolescent development and morphine-induced changes in mouse social investigation (SI). At two time points during adolescent development [postnatal days (PD) 25 and 45], social interactions of test mice of the gregarious C57BL/6J (B6) strain were more tolerant to the suppressive effects of morphine [effective dose 50 (ED 50 ) = 0.97 mg/kg and 2.17 mg/kg morphine, respectively] than test mice from the less social BALB/cJ (BALB) strain (ED 50 = 0.61 mg/kg and 0.91 mg/kg morphine, respectively). By contrast, this strain-dependent difference was not evident among adult mice on PD 90 (ED 50 = 1.07 mg/kg and 1.41 mg/kg morphine for BALB and B6 mice, respectively). An additional experiment showed that the ability of morphine to alter social responsiveness was not directly related to drug-induced changes in locomotor behavior. Finally, administration of morphine to stimulus mice on PD 25 reduced social investigation of test mice only when individuals were from the B6 genetic background. Overall, these results indicate that alterations in endogenous opioid systems are related to changes in SI that occur during adolescence, and that morphine administration may mimic rewarding aspects of social encounter. 
Introduction
Substance abuse is typically initiated during the teenage years. Popular drugs of abuse during adolescence include nicotine, alcohol and marijuana, but there has also been a recent rise in the nonmedical use of opioid analgesics such as OxyContin and Vicodin (Johnston et al., 2010) . A substantial body of evidence indicates that several of these drugs engage opioid-coded neural circuits in the brain (Drews and Zimmer, 2010; Ghitza et al., 2010; Lopez-Moreno et al., 2010; Ray et al., 2010) .
Extensive studies on rodent behavior indicate that exogenous opioids have a reward value, shown primarily by self-administration (Koob et al., 1984; Carney et al., 1991; Belknap et al., 1993; Martin et al., 1997) and morphine conditioned place preference (CPP) studies (Cunningham et al., 1992; Coudereau et al., 1997; Belzung and Barreau, 2000; Ribeiro Do Couto et al., 2006) . Opioid receptor antagonists can modulate the behavioral responses of rodents to drugs of abuse, including nicotine (Liu et al., 2009 ) alcohol (Foster et al., 2004; Burattini et al., 2006; Varlinskaya and Spear, 2009 ) and cocaine (Gerrits et al., 2005; Burattini et al., 2008) . Moreover, in studies that use gene knockout technologies, opioids have also been implicated in processes that mediate the rewarding properties of food, sex, and addictive substances (Le Merrer et al., 2009) .
In rodents, opioid sensitivity changes with maturation. For example, adolescent rodents are more sensitive than adults to the effects of morphine with respect to measures of analgesia (Ingram et al., 2007) and locomotor activity (Spear et al., 1982; Holtzman, 2005, White et al., 2008) . With repeated administration of morphine, adolescent rodents lose this higher sensitivity (develop greater tolerance) relative to adults (Ingram et al., 2007) . The forced swim test, which has been used to make inferences about the depressive state associated with opioid withdrawal, shows that adolescent mice express less severe opioid withdrawal symptoms than adults (Hodgson et al., 2009) . Both adolescent and adult rodents self-administer opiates, but adolescents may be more sensitive to the reward experience associated with exposure to this drug (Doherty et al., 2009; Zhang et al., 2009 ). However, CPP tests have shown that adolescents do not express greater sensitivity to morphine reward than adults (Campbell et al., 2000; Zheng et al., 2003) . Taken together, adolescent sensitivity to opioids is dynamic and may reflect a more general maturational process in brain reward systems that enhances vulnerability to drug addiction (Crews et al., 2007; Doremus-Fitzwater et al., 2010) .
There is a strong connection between the opioid system and the social environment. First, changes in the social environment can alter the rewarding properties of morphine. In a two-bottle choice paradigm, socially housed rodents consume less morphine than isolated individuals (Consorti et al., 1992; Raz and Berger, 2010) . Furthermore, individuals consume more morphine after prolonged periods of isolation (Consorti et al., 1992) and will reduce morphine intake when placed back into social housing (Raz and Berger, 2010) . Social interactions are also affected by manipulations of endogenous opioid systems. For example, low-dose morphine treatment promotes social play in rats (Panksepp et al., 1985; Trezza and Vanderschuren, 2008) , and morphine administration during isolation can counteract the heightened levels of social approach expressed by rodents that have experienced prolonged periods of social isolation (Hol et al., 1996) . In addition, morphine can also directly reduce gregariousness in rodents when it is administered before a social encounter (Panksepp et al., 1979; Meyerson, 1981; Landauer and Balster, 1982; Shapiro et al., 1989) . Taken together, these studies suggest a close relationship between opioid-mediated circuits and social interaction, that is, opioid reward pathways are responsive to changes in social environment and that social motivation is sensitive to opioid exposure.
Given the high prevalence of drug experimentation among adolescent peer groups, rodent models can be extensively explored to elucidate the interplay between adolescent social processes and drug reward (Spear, 2000; Doremus-Fitzwater et al., 2010) . An increase in social interest and gregariousness among peers are common features of adolescent development. Expression of rodent social behavior peaks during early adolescence and then becomes progressively influenced by factors related to sex (Panksepp, 1981; Primus and Kellogg, 1989; Terranova et al., 1993; Spear, 2000; Varlinskaya and Spear, 2008) . Moreover, sociability during adolescence is influenced by underlying genetic factors, with mice from the C57BL/6J (B6) strain exhibiting a more prosocial phenotype relative to the reduced social tendencies of BALB/cJ (BALB) mice . This strain-dependent difference is also expressed within the context of a social CPP (SCPP) procedure, in which adolescent B6 mice express a preference for social contact whereas BALB mice do not derive reward from social housing (Panksepp and Lahvis, 2007) . Despite evidence that endogenous opioids modulate and respond to social interaction and that social behavior changes with development, there have been very few studies that directly address the possibility that opioid systems mediate the developmental changes in sociability that occur during adolescence.
In this study, we employed the BALB-B6 mouse model of sociability (Sankoorikal et al., 2006) to characterize the relationship between morphine administration and social investigation (SI) across adolescent development and early adulthood. To establish a general morphine doseresponse curve for the expression of SI during early and late adolescence, a broad range of morphine doses were administered to BALB and B6 male test mice before social reunion with a female (experiment 1). A more narrow range of morphine doses was then used to evaluate strain-dependent and sex-dependent differences in the expression of SI during early and late adolescence and during adulthood (experiment 2). To control for the possibility that the observed influences of morphine on SI were indirect effects of drug-induced changes in locomotor activity, select doses of morphine were administered to adolescent mice and locomotion was evaluated before and during SI testing (experiment 3). The final experiment examined the social responsiveness of test mice toward morphine-injected stimulus mice (experiment 4). Overall, we hypothesized that morphine exposure reduces social motivation such that administration of increased morphine doses results in a progressive decline of social interaction behaviors. As adolescent mice from the BALB and B6 strains derive different levels of reward from social contact (Panksepp and Lahvis, 2007) , we also expected that the social behaviors of these two strains exhibit a differential sensitivity to morphine treatment and that this strain-dependent difference is particularly apparent during adolescence.
Methods

Subjects and husbandry
Mice from the BALB and C57BL/6J (B6) strains were purchased from the Jackson Laboratories (Bar Harbor, Maine, USA) and bred in our colonies at the University of Wisconsin-Madison (UW-Madison, Madison, Wisconsin, USA; experiments 1, 2 and 4) and the Oregon Health and Science University (OHSU, Portland, Oregon, USA; experiment 3) under tightly controlled temperature (21 ± 11C) and humidity (40-60%). The lighting conditions were 14 : 10 h light/dark (dark period from 11 : 30 to 21 : 30) and 12 : 12 h light/dark (dark period from 09 : 30 to 21 : 30) at the UW-Madison and the OHSU, respectively. New mice were routinely introduced to both breeding colonies, and brother-sister mating was not conducted. Mice were housed at both facilities in standard polypropylene cages (290 Â 180 Â 130 mm) lined with 1/8 00 grain-size corncob bedding [The Andersons, Maumee, Ohio, USA (UW-Madison)] or pelleted paper bedding [ECOfresh, Absorption Corp., Ferndale, Washington, USA (OHSU)], with free access to chow [Teklad Rodent Diet, Harlan, Harlan Laboratories, Indianapolis, Indiana, USA (UW-Madison); Lab Rodent Diet 5001, Purina Mills, Grey Summit, Missouri, USA, (OHSU)] and water. Pregnant female mice were isolated approximately 10-15 days postcoitus and pups were weaned on postnatal days (PDs) 20-21. Pups from available litters were pooled, individual mice from a single strain were randomly selected and then reconstituted into mixedsex groups (two male and two female) for experiment 1 or same-sex groups (four mice) for experiments 2-4. All experiments were conducted in strict accordance with the guidelines set forth by the Institutional Care and Use Committee at the UW-Madison and the OHSU, and followed the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All animal husbandry was performed by our own laboratory personnel to maintain gentle and consistent handling of mice.
Social investigation testing: general methodology and analysis
Two individuals from each social group were selected as test mice, while the remaining two mice were designated as stimulus mice. Mice were maintained in their social groups except during test days, when they were placed in social isolation for the 6 h preceding the SI test. For experiments 1 and 2, which involved multiple test days, each test mouse interacted with the same stimulus mouse in every test. Although SI scores are highly sensitive to differences in the age of the test mice , differences between the degrees of dyad familiarity after 4 days versus 40 days of social housing were not expected to substantially moderate SI scores relative to differences in sex and age. In addition to engendering familiarity, social housing promotes longterm social memory, which can last for 7 days (Kogan et al., 2000) . By using familiar mice, we minimized the possible confounding effects of motivation to investigate a novel conspecific that may change during the development of sexual maturity.
On behavioral testing days, test and stimulus mice (experiments 1, 2 and 4), or test mice only (experiment 3) were weighed and socially isolated into clean cages without a nestlet. The duration of the social isolation period for all of the experiments was 6 h and occurred during the initial two-thirds of the dark phase of the light cycle (see Panksepp et al., 2008 for rationale) . Cages containing test and stimulus mice were transported approximately 5 m away from the colony room to an experimental room illuminated by dim red light (30-40 lx) at least 30 min before testing. The top of the cage containing a test mouse was replaced with a transparent sheet of Plexiglas (Altuglas, Philadelphia, Pennsylvania, USA) and the cage was left undisturbed for 5 min. After the test mouse received a 200 ml subcutaneous injection of morphine sulfate (Mallinckrodt Inc., St Louis, Missouri, USA) or vehicle (0.9% saline), it was returned to its cage undisturbed for either 15 min (experiments 1, 2 and 4) or 17.5 min (experiment 3). This time period was chosen based on the rapid increase in brain morphine levels and concurrent behavioral changes that follow morphine injection (Plomp et al., 1981; Kissin et al., 1991) . For instance, 5 min after a 6 mg/kg subcutaneous morphine injection, blood and brain morphine levels in rats are significantly elevated and an analgesic effect can be observed in a tail-pinch test (Kissin et al., 1991) . After this drug uptake period, a familiar stimulus mouse from the same home cage was placed into the cage of the test mouse and the ensuing social interaction was video recorded (Sony 3CCD digital camcorder, Sony, Minatoku, Tokyo, Japan) for 5 min. Recordings were stored on a desktop computer (Pentium IV, Dell, Round Rock, Texas, USA) for subsequent analysis.
SI of the stimulus mouse by the test mouse was quantified using computer-assisted software (ButtonBox v.5.0, Behavioral Research Solutions, Madison, Wisconsin, USA). Two independent raters analyzed all of the SI tests, and all statistical testing and graphical presentations are based on the average of these duplicate measurements. One rater was blinded to the age and morphine dose administered to the mice. Inter-rater reliability for each experiment is presented in the legend of each figure in the 'Results' section. Quantification of SI was based on the procedure described by . In brief, behavioral variables included sniffing and snout contact toward the head/neck/mouth area, the flank area and the anogenital area, and pursuit within one body-length, as the stimulus mouse moved throughout the cage. Social grooming behaviors were also recorded. We interpret these features of mouse social interaction as social investigation/consumption of social reward (see Panksepp and Lahvis, 2007) . The duration of time that the test mouse directed these behaviors at the stimulus mouse were summed into a composite measure of SI.
Experimental design Experiment 1: morphine effects on mixed-sex social interactions in early-adolescent and late-adolescent BALB and B6 mice
Mice were weaned into mixed-sex same-strain social groups. The two male mice from each social group served as test mice, while the two female mice served as stimulus mice. Each mouse was tested after a 6-h social isolation period on both PDs 24-26 and PDs 44-46. Test mice were injected with morphine sulfate (0.1, 0.25, 0.5, 1.0, 2.5, 5.0 or 10.0 mg/kg) or an isometric volume (200 ml) of 0.9% saline. On the first testing day, the injected dose was pseudorandomized and test mice never received same dose of morphine sulfate or saline on the second testing day. A female stimulus mouse was added to the cage of the male test mouse 15 min postinjection. Sample sizes were 10-16 test mice for each combination of genotype, dose, and age, except for the highest dose (i.e. 10 mg/kg), which consisted of a smaller sample size (four to six mice). The total sample size for this experiment was 350 SI tests.
Experiment 2: morphine effects on same-sex social interactions in early-adolescent, late-adolescent and adult BALB and B6 mice Mice were weaned into same-sex same-strain social groups. Two mice from each social group were selected as test mice and remained so for the entire duration of the experiment. The other two mice from the social group served as stimulus mice. Each mouse was tested after a 6-h social isolation on each of the three testing periods (PDs 24-26, PDs 44-46 and PDs 89-91). Test mice were injected with morphine sulfate (0.1, 0.25, 0.5, 1.0, 2.5 or 5.0 mg/kg) or 0.9% saline. Similar to experiment 1, test mice received a different dose of morphine sulfate or saline for each of the three SI testing days and the selected dose was pseudorandomized. A stimulus mouse was added to the cage of the test mouse 15 min postinjection. Sample sizes were six to 11 test mice for every combination of genotype, dose, age and sex, except for higher doses (2.5 and 5.0 mg/kg), which had sample sizes of four to 10 test mice. The total sample size was 698 SI tests.
Experiment 3: morphine effects on locomotor activity and same-sex social interactions in adolescent BALB and B6 mice
In this experiment, mice of each strain were again weaned into same-sex same-strain social groups. Two mice from each social group were selected as test mice, while the remaining two mice served as stimulus mice. Behavioral testing was conducted after a 6-h social isolation period on PDs 25-32. Test mice were injected with morphine sulfate (0.25, 1.0 or 5.0 mg/kg) or 0.9% saline. Five minutes of video recording was taken at 12.5-17.5 min postinjection for subsequent locomotion analysis (see below). A stimulus mouse was added to the cage of the test mouse at 17.5 min postinjection for a 5-min SI test. Sample sizes were three to eight test mice for every combination of genotype, dose and sex. The total sample size was 80 SI tests.
Video tracking of locomotor activity
The locomotor activity of test mice in experiment 3 was monitored 12.5-17.5 min postinjection using video tracking software (TopScan v.2.0, Cleversys Inc., Reston, Virginia, USA). Test mouse locomotion was assessed with the 'speed event rule' setting available within the TopScan software package, which measures the time, duration, percentage of total time, latency, distance traveled and average velocity of movement when a mouse exceeds a certain velocity threshold. For this experiment, a threshold of 1.0 mm/s was used to measure locomotion. Comparisons of the 1 mm/s criterion with others (2.0, 5.0, 10.0, 20.0 and 50.0 mm/s) yielded similar results (Pearson's product-moment correlation, r p > 0.96 for each pairwise comparison). In addition to locomotion, the video tracking program was used to generate tracings of the pathway taken by each mouse during the 5-min period before the SI test.
To assess the accuracy of the tracking software, locomotor activity was also hand-rated by dividing the cage into eight regions (72.5 Â 90 mm) using a superimposed 2 Â 4 grid. Locomotion was measured as the total number of grid crosses, which was operationally defined as the midline of the animal crossing any line dividing two regions. Grid crosses were tallied for test mice during both the tracking period (12.5-17.5 min postinjection) and the social interaction test (17.5-22.5 min postinjection) using computer-assisted software. To measure locomotion within a social context, hand-rated locomotion measures were used to evaluate changes in test mouse locomotion, or 'social arousal', induced by the introduction of the stimulus mouse (similar to social facilitation, see Katz and Schmaltz, 1981) . Social arousal was measured as the difference in the hand-rated locomotion score between the first minute of the SI test (17.5-18.5 min postinjection) and the minute before the SI test (16.5-17.5 min postinjection).
Experiment 4: social response of BALB and B6 test mice to stimulus mice treated with morphine during early-adolescence, late-adolescence, and adulthood Similar to experiment 2, mice were weaned into groups of same-sex same-strain social groups. This experiment attempted to assess whether the SI phenotype of test mice was sensitive to the drug state of stimulus mice. Stimulus mice were injected with 0.25 or 5.0 mg/kg morphine sulfate, or 0.9% saline 15 min before being added to the cage of an untreated test mouse. All other aspects of SI testing were similar to the experimental protocol described above. Sample sizes were six to 11 test mice for every combination of genotype, dose, age, and sex. The total sample size was 325 SI tests.
Statistical analysis
Before generating dose-response curves, we conducted a multifactor analysis of variance with different combinations of genotype, morphine sulfate dose, sex and age as independent variables depending on the experiment. SI values were normalized with an exponential transformation. Dose-response curves were then generated (Prism v.5.0, Irvine, California, USA) for each strain using a four-parameter, nonlinear regression technique that allowed for a variable slope and normalized the data relative to a 100% response for the maximum group mean. All dose response curves were calculated using values of free-morphine without the sulfate conjugate. Effective dose 50 (ED 50 ) values were compared between BALB and B6 mice using F-tests. Locomotor activity was evaluated with a three-factor analysis of variance (with genotype, morphine sulfate dose and sex as independent variables). Post-hoc comparisons were made as necessary using Tukey's honestly significant difference tests and orthogonal contrasts that were controlled for type I error (JMP v.8.0.1, SAS Institute Inc., Cary, North Carolina, USA). Statistical significance was set at a level of P value less than 0.05.
Results
Experiment 1: morphine effects on male mouse social investigation toward a female mouse during early (PD 25) and late (PD 45) adolescence Consistent with earlier studies (Sankoorikal et al., 2006; , expression of the SI phenotype was dependent on the genetic background and age of male test mice. B6 mice expressed more robust SI responses than age-matched BALB mice [effect of genotype, F(1,343) = 141.1, P < 0.001]. The overall magnitude of SI was greater on PD 45 versus PD 25 [effect of age, F(1,343) = 29.0, P < 0.001] for both strains. For all treatments across all experiments, we did not find consistent differences between individual SI behaviors and the composite SI score.
Exposure to morphine reduced social interaction behaviors of test mice from both the BALB and B6 genetic backgrounds [effect of morphine dose, F(7,337) = 106.1, P < 0.001], irrespective of age. However, the effective dose of morphine sulfate that engendered a decrease in SI was different for each mouse strain [genotype Â morphine dose interaction, F(7,337) = 5.3, P < 0.001]. In BALB test mice, a 1 mg/kg dose of morphine sulfate reduced SI compared with the vehicle control group [orthogonal contrast, F(1,313) = 14.8, P < 0.001; mean SI response ± standard error of the mean (SEM), saline: 91 ± 6.9 s, 1.0 mg/kg: 59 ± 6.4 s], but the same dose was ineffective in B6 test mice [orthogonal contrast, F(1,313) = 1.7, not significant; saline: 126 ± 6.6 s, 1.0 mg/kg: 116 ± 8.5 s]. Morphineinduced suppression of SI in B6 test mice required a 2.5 mg/kg dose of morphine sulfate [orthogonal contrast, F(1,313) = 43.1, P < 0.001; saline: 126 ± 6.6 s, 2.5 mg/kg: 71 ± 9.7 s]. The SI phenotype of BALB test mice was more sensitive to morphine administration, an effect illustrated by a strain-dependent difference in the ED 50 (Free-morphine ED 50 at PD 25; BALB: 0.57 mg/kg, B6: 1.10 mg/kg) for morphine-induced suppression of SI at PD 25 [ Fig. 1a; F(1,172) = 11.4, P < 0.001] and PD 45 [ Fig. 1b; F(1,159) = 11.5, P < 0.001]. Age-dependent sensitivity of the SI phenotype to morphine administration was indicated by an approximate two-fold rightward shift in the ED 50 for test mice at PD 45 (ED 50 at PD 45; BALB: 1.15 mg/kg, B6: 2.02 mg/kg) and was observed for test mice from both strains [ Fig. 1 ; age Â morphine dose interaction, F(7,337) = 5.7, P < 0.01].
Experiment 2: morphine effects on social investigation within the context of same-sex dyads during early adolescence (PD 25), late adolescence (PD 45), and adulthood (PD 90) Similar to the mixed-sex social interactions of experiment 1, B6 test mice expressed greater SI responses than mice from the BALB strain [effect of genotype, F(1,693) = 121.3 (Fig. 2) . Using nonlinear regression analysis, the respective ED 50 for morphine-induced suppression of SI was found to be lower for BALB test mice relative to B6 test mice at PD 25 [ Fig. 2a ; F(1,254) = 5.8, P < 0.05] and PD 45 [ Fig. 2b ; F(1,203) = 11.0, P < 0.01], but not at PD 90 [ Fig. 2c ; F(1,221) = 1.5, not significant]. Thus, consistent with the results of experiment 1, the BALB SI phenotype was more sensitive to morphine administration, compared with mice from the B6 strain, during adolescent development, but not in adulthood (i.e. PD 90).
Experiment 3: morphine effects on social investigation and locomotion in adolescent BALB and B6 mice
One explanation for the diminished SI response associated with morphine exposure in experiments 1 and 2 is the possibility that morphine reduced locomotion, and the decrease in SI was a secondary effect. We first addressed the possibility that dose-dependent decreases in SI resulted from diminished locomotor activity by measuring locomotor activity 5 min before the introduction of the stimulus mouse. In this third experiment, the primary findings with regard to the effects of genetic background and morphine administration on SI were reproduced in mice at PDs 25-32 ( Fig. 3) . Total social investigation did not differ between male and female test mice [effect of sex, F(1,78) = 0.0, not significant] and the effects of morphine treatment on SI did not vary by Dose-response curves for morphine-induced suppression of social investigation (SI) during same-sex social interactions. Four-parameter, nonlinear regression models were used to calculate the effective dose 50 (ED 50 ) for morphine-induced suppression of SI during (a) early adolescence [postnatal day (PD) 25], (b) late adolescence (PD 45) and (c) adulthood (PD 90) for BALB and B6 mice that were reunited with a same-sex conspecific. SI values and morphine doses are reported in the same manner as Fig. 1 . SI values for the saline-injected group at PD 25 were 67 ± 6.4 s and 106 ± 8.8 s for BALB and B6 mice, respectively. SI values for the saline-injected group at PD 45 were 89 ± 8.5 s and 109 ± 8.9 s for BALB and B6 mice, respectively. SI values for the saline-injected group at PD 90 were 71 ± 7.2 s and 86 ± 11.1 s for BALB and B6 mice, respectively. The ED 50 values for BALB and B6 mice were significantly different at each of the two developmental time points during adolescence, but not during adulthood. Inter-rater reliability, r p = 0.92, degrees of freedom = 671. All SI data are reported as the mean ± standard error of the mean. To evaluate whether morphine administration had an influence on the locomotor activity of test mice, videotracking and hand-rated analyses of mouse spatial behavior were conducted before and during SI testing.
There was a strong correlation between the hand-rated scoring and the video-tracking assessment of locomotion during the 5-min period pre-SI testing (r p = 0.98, degrees of freedom = 55, P < 0.001), thereby validating the results of the video-tracking software. We found that locomotion, as measured by the total distance traveled during the 5 min pre-SI testing, was dependent on an interaction between the dose of morphine sulfate administered and the genetic background of the test mouse [ Fig. 4 
B6 BALB
Strain-dependent and dose-dependent suppression of adolescent mouse social investigation (SI) by morphine. B6 test mice expressed more SI compared with BALB mice across all doses of morphine sulfate. The SI phenotype was suppressed by a 1 mg/kg and 5 mg/kg morphine sulfate dose in BALB and B6 test mice, respectively. *P value of less than 0.0001 for between-strain comparisons at a specific dose; # P value of less than 0.005 for within-strain comparisons to the nextlowest dose. Inter-rater reliability, r p = 0.97, degrees of freedom = 79. All data are presented as the mean ± standard error of the mean. Strain-dependent influence of morphine administration on the locomotor activity of adolescent mice. No differences in locomotor activity were observed between saline-treated mice from the BALB and B6 strains, and B6 locomotor activity did not change as a function of morphine administration. BALB mice expressed lower levels of locomotor activity after receiving the 1 mg/kg dose and elevated levels of locomotor activity after receiving the 5 mg/kg dose. *P value of less than 0.005 for between-strain comparisons at a specific dose. All data are expressed as the mean ± standard error of the mean. Kennedy et al. 153 As illustrated in Fig. 5 , BALB and B6 mice administered with 5 mg/kg morphine sulfate exhibited a distinct qualitative pattern of movement that was not observed in mice that received lower doses. Test mice moved in a stereotypic pattern along the outer edge of the cage, often doubling back and retracing the same wall or cage corner. B6 mice that received lower doses of morphine sulfate (0.25 and 1.0 mg/kg) and BALB mice receiving 0.25 mg/kg morphine sulfate were similar to salinetreated mice, exhibiting no clear spatial pattern with respect to locomotor activity. When administered 1 mg/kg morphine sulfate, BALB mice expressed very little spatial displacement over the 5-min period, consistent with the locomotion results generated by the video-tracking software (Fig. 4) .
Influences of morphine on mouse social behavior
To determine whether the level of locomotion before the SI test was maintained after the introduction of the stimulus animal, we compared social arousal scores following morphine sulfate or saline administration for each strain (see experiment 3 under the 'Materials and methods' section for details). Social arousal might be expressed as an increase in test mouse locomotion resulting from the addition of a stimulus mouse to the cage, but not necessarily directed toward the stimulus mouse. Such an increase in social arousal would not correlate with SI behavior.
Manual scoring of locomotion during the beginning of the SI test showed that movement of a test mouse could serve as an index of behavioral arousal in response to social reunion (Fig. 6) . Social arousal was similar for saline-treated test mice from the BALB and B6 strains [orthogonal contrast, F(1,58) = 0.011, not significant; difference score ± SEM; BALB: + 15 ± 3.9 grid crosses, B6: + 16 ± 3.3 grid crosses]. Interestingly, a similar level of social arousal was found for B6 test mice after administration of 5 mg/kg morphine sulfate [orthogonal contrast, F(1,58) = 0.012, not significant], a dose that effectively suppressed SI (see Fig. 3 ). In contrast, social arousal was reduced in BALB test mice after the administration of 5 mg/kg morphine sulfate [orthogonal contrast, F(1,58) = 11.84, P < 0.005; saline: + 15 ± 3.9 grid crosses, 5 mg/kg: 4 ± 3.7 grid crosses]. Despite exhibiting low levels of locomotion before social reunion, BALB test mice that received the 1 mg/kg morphine sulfate dose expressed levels of social arousal Traced pathways of individual mice after morphine administration. BALB and B6 mice displayed distinct, qualitative patterns of locomotion after receiving 5 mg/kg morphine sulfate relative to the other morphine sulfate doses and saline treatment. BALB mice that received 1 mg/kg morphine sulfate were relatively motionless before the social investigation test. Traced pathways were chosen randomly and ordered based on total amount of spatial displacement.
comparable with BALB mice that were treated with saline [orthogonal contrast, F(1,58) = 0.48, not significant]. Overall, the amount of locomotion during the SI test did not predict the expression of SI [r p = 0.01, degrees of freedom = 73, not significant]. To assess the hypothesis that test mice are sensitive to the 'drug state' of the stimulus mice, the SI responses of untreated test mice were assessed in response to stimulus mice treated with saline or morphine sulfate (0.25 or 5.0 mg/kg). A genotype Â age interaction on the SI phenotype was found for test mice paired with a salinetreated stimulus mouse [ Fig. 7 , genotype Â age interaction, F(4,322) = 5.2, P < 0.01]. Interestingly, we also found an effect of morphine-treated stimulus mice on test mouse sociality that was age, dose and strain-dependent. B6 test mice expressed reduced SI toward stimulus mice only when the latter had been administered 5 mg/kg morphine sulfate and if testing was conducted on PD 25 [ Fig. 7 ; genotype Â age Â dose interaction, F(4,320) = 2.4, P < 0.05], whereas BALB test mice did not differentially respond to the drug state of the stimulus mouse at any age.
Discussion
The social behaviors of adolescent BALB and B6 mice respond to morphine exposure in a dose-dependent fashion. ED 50 values ranged from a low of 0.57 mg/kg (BALB mice, PD 25) to 2.17 mg/kg (B6 mice, PD 45). Consistent with earlier studies (Panksepp et al., 1979; Meyerson, 1981; Landauer and Balster, 1982; Shapiro et al., 1989) , we find that increasing doses of morphine (1.0-10.0 mg/kg) result in progressive decreases in mouse sociability. However, we did not find responses in mouse sociability to low doses of morphine, as has been described for rats (Panksepp et al., 1985; Trezza and Vanderschuren, 2008) . These findings implicate that opioid-coded neural circuits play a role in adolescent social motivation even for BALB mice, which do not express social reward in a SCPP paradigm (Panksepp and Lahvis, 2007) .
Compared with the B6 strain, BALB expression of the social phenotype was more sensitive to morphine exposure. This heightened sensitivity was replicated in Socially-induced increases in the locomotor activity of adolescent mice. Saline-treated BALB and B6 test mice exhibited similar increases in locomotor activity after the introduction of a stimulus mouse. Increases in locomotor activity upon social reunion were found for all experimental groups except BALB test mice that received the 5 mg/kg morphine sulfate dose. *P value of less than 0.005 for comparisons between the time (min) before and after social reunion. All data are presented as the mean ± standard error of the mean.
Influences of morphine on mouse social behavior Kennedy et al. 155 three independent experiments that included different experimental design (e.g. same-sex vs. mixed-sex social pairings, isolated vs. nonisolated stimulus mice) and animal husbandry conditions (e.g. different circadian lighting schedules, different mouse chow). Although the experiments were not designed to make direct comparisons between them, the consistency of this effect suggests that the increased sensitivity of BALB social behavior to morphine is a very robust phenomenon. Our results are consistent with other evidence of heightened reward sensitivity in BALB mice. For instance, BALB mice self-administer a lower amount of morphine than age-matched B6 mice (Belknap et al., 1993) .
In rodents, social contact or social isolation result in respective increases or decreases in opioid receptor occupancy (Vanderschuren et al., 1995a (Vanderschuren et al., , 1995b Bertrand et al., 1997; Panksepp and Bishop, 1981) . In this context, one intriguing possibility is that the experience of reward, mediated by opioid receptor occupancy, is effectively attained at lower doses of morphine exposure in adolescent BALB mice compared with age-matched B6 mice. Under this scenario, adolescent B6 mice may need to engage in more social interaction than BALB mice to attain a similar level of opioid receptor occupancy in brain regions relevant to motivation and reward.
An alternative explanation for the heightened sensitivity of BALB mice to the suppressive influence of morphine on SI, relative to B6 mice, is that endogenous opioid systems are not normally activated during the expression of SI by BALB mice. In this scenario, administration of morphine induces a novel state of reward typically not achieved during a social encounter. For instance, adolescent B6 mice express greater sociability than BALB mice or the related strain, BALB/cBYJ, (Brodkin et al., 2004; Moy et al., 2007; . These discrepancies in sociability might be explained by varied capacities to experience social reward (Panksepp and Lahvis, 2007) . Whether endogenous opioids play a functional role in generating this strain-dependent difference is unknown, but it is interesting to note that differential opiate sensitivity in this study was expressed only during adolescence, which is precisely when BALB and B6 mice differ the most in terms of sociability . The hypothesis that social contact does not activate endogenous opioid systems in the adolescent BALB brain could be addressed in the future by using a combination of experimental approaches (i.e. measuring endogenous opioid release and receptor distributions).
A third possible explanation for the strain-dependent difference in the effects of morphine on the SI phenotype is that opiate uptake and/or metabolism may differ between BALB and B6 strains. This explanation is unlikely, however, because the pharmacokinetics of morphine administration in late-adolescent (PD 49) BALB and B6 mice do not differ (Belknap et al., 1998) , and do not appear to change between adolescence and adulthood (see Hodgson et al., 2009) .
A persistent concern regarding studies of social behavior is whether observed differences in social behavior among experimental groups are a direct or a secondary effect of the experimental manipulation. In this regard, it could be helpful to compare dose-response sensitivity to morphine across nonsocial behavioral phenotypes to determine if Strain-dependent, age-dependent, and dose-dependent differences in social investigation (SI) of a morphine-treated stimulus mouse. B6 test mice expressed less SI toward stimulus mice that received 5 mg/kg morphine sulfate compared with stimulus mice that received saline or 0.25 mg/kg morphine sulfate during (a) early adolescence [postnatal day (PD) 25], but not during (b) late adolescence (PD 45) or (c) adulthood (PD 90). There were no dose-dependent differences in SI for mice from the BALB genetic background at any of the developmental time points. *P value of less than 0.05 for the 5 mg/kg dose compared with the other conditions. Inter-rater reliability, r p = 0.90, degrees of freedom = 319. All SI data are reported as the mean ± standard error of the mean.
there are more sensitive endpoints that may contribute to a reduction in SI. Among outbred mice, the ED 50 for the analgesic effect of morphine on 'phasic pain' (tail-flick and hot plate tests) and 'tonic pain' (formalin test) responses can range from 1.6 to 4.0 mg/kg (Rosow et al., 1980; Hunskaar et al., 1985; Elliott et al., 1994) . Sensitivities of various inbred strains mice to morphine-mediated analgesia (tail-flick, ED 50 = 2.6-11.0 mg/kg; Liang et al., 2006; hotplate, ED 50 : 2.0-24.0 mg/kg; Elmer et al., 1998) are higher than the effective levels of morphine exposure that are reported here. However, again BALB mice are more sensitive than B6 mice to morphine-induced analgesia in tail-flick (ED 50 : BALB = 2.63 mg/kg, B6 = 5.63 mg/kg; Liang et al., 2006) and hot plate tests (ED 50 s: BALB = 3.8 ± 1.4 mg/kg, B6 = 16.4 ± 3.5 mg/kg; Elmer et al., 1998) . Since the ED 50 values for morphine-induced suppression of SI found in this study were considerably lower than those found for analgesia in both mouse strains, it is unlikely that the suppressive influence of morphine on the SI phenotype is directly attributable to its analgesic properties.
Morphine administration can also influence the locomotor activity of rodents, which in turn could affect the expression of SI. For example, if the direction or velocity of locomotion of a morphine-treated test mouse differs from that of the stimulus mouse, it could result in diminished or enhanced levels of SI. To address this possibility, we evaluated locomotion before and during the SI test. Locomotor behavior of B6 mice did not change with increasing doses of morphine. These results differ from other reports that show increased locomotion after a longer latency (Murphy et al., 2001) or with larger morphine doses (Belknap et al., 1998) than used here. BALB locomotion, however, was substantially diminished after 1 mg/kg morphine sulfate and substantially enhanced after a 5 mg/kg dose. There was no direct relationship between morphine-induced changes in SI and locomotion for mice from either genetic background. For instance, B6 test mice exhibited a progressive decline in SI as they were administered higher doses of morphine without changes in locomotion, whereas the SI phenotype of BALB test mice continuously declined despite a substantial biphasic effect on locomotor activity after receiving higher doses of morphine. These patterns support the contention that the effect of morphine on the expression of SI is dissociable from its effect on locomotion.
The pattern of movement also changed with morphine dose for both strains. After a 5-mg/kg dose of morphine sulfate, mice moved along the outer wall of the test cage. These thigmotaxic movements can indicate anxiety-like experiences in mice and can typically be suppressed by anxiolytic drugs (Treit and Fundytus, 1988) . However, recent evidence suggests that the irregular locomotor behaviors that are expressed by morphine-treated mice are not a result of anxiety (Hodgson et al., 2010a) .
Thigmotaxic behaviors of nocturnal rodents that are relevant to anxiety are typically induced under bright light conditions within a novel cage structure. The experiment described here was conducted under dim red illumination within a familiar cage.
When assessed as the change in locomotion in response to the introduction of a stimulus mouse, social arousal was largely unaffected by genetic background or morphine dose. With one exception, mice from both strains expressed increased locomotion when the stimulus mouse was added to the cage. Locomotion of BALB test mice that received the 5 mg/kg dose was substantially elevated in the period before social reunion. At this high dose of morphine, lack of any additional activity associated with social arousal could be due to a 'ceiling' effect. A 1mg/kg dose of morphine sulfate resulted in a low SI response by BALB juveniles, but social arousal was expressed by BALB mice under these same conditions. Taken together, we find that social interaction, social arousal and locomotor behavior are dissociable in adolescent BALB and B6 mice, and are affected differentially by morphine administration.
It is interesting to note that only early-adolescent (PD 25) B6 test mice were responsive to the drug state of the stimulus mouse. This behavioral responsiveness requires (i) that B6 mice can detect the difference between mice administered morphine versus saline and (ii) that this difference can influence its social behavior. The greater B6 sensitivity to changes in the state of a conspecific, relative to BALB mice, has also been shown in a behavioral paradigm that involves conspecific distress (Chen et al., 2009) . These results are also in agreement with evidence that B6 mice that have never been directly exposed to morphine can be sensitized to morphineinduced hyperlocomotion through exposure to morphinetreated cage-mates (Hodgson et al., 2010b) . Again, this social responsiveness was expressed by adolescents, but not by adults. One explanation for the differential responses of adolescent B6 to morphine-exposed stimulus mice is that morphine diminishes the ability of the stimulus mouse to interact socially with the test mouse. The early-adolescent B6 mouse may require a high degree of reciprocity from the social interaction, which is diminished when the companion is affected by morphine. This concept is especially compelling if both members of a mouse dyad must be capable of affective responsiveness to maintain a social interaction (Lahvis and Black, 2010; . Future studies could examine the locomotor and bioacoustics features of such interactions, to determine whether a stimulus mouse responds to the solicitations of a test mouse after treatment with morphine or other psychoactive drugs.
The strain-dependent difference in sensitivity to the suppressive influence of morphine on the SI phenotype suggests that discrete genetic factors modulate how opioid-coded neural circuits interact with social motivation. These genetic influences occur during a defined window of adolescent development, consistent with dynamic changes in adolescent reward physiology. Endogenous opioid peptides and receptor densities generally peak by the third postnatal week and these levels are maintained in adulthood (McDowell and Kitchen, 1987) . Dopamine receptor 1 densities in the medial prefrontal cortex peak during adolescence and then decline in adulthood (Brenhouse et al., 2008) . The relatively high densities of both receptor types during adolescence could explain the heightened sensitivity to morphine expressed by mice at this age (Brenhouse et al., 2008) . The SI phenotype of early-adolescent BALB mice (PD 25) was the most sensitive to morphine administration, irrespective of whether stimulus mice were opposite or same-sex conspecifics (ED 50 = 0.57 mg/kg and 0.61 mg/kg morphine, respectively), relative to older BALB test mice and B6 test mice at all time points. Different sensitivities of social behaviors to opiates during adolescent development might thus be explained by differential maturation of the opioid reward circuitry for the BALB versus B6 genetic background. Recognition that individual social motivations undergo changes in sensitivity to drugs of abuse may be highly relevant to the generation of new clinical treatments for addiction.
